Abstract. We herewith attempt to investigate the cosmic rays behavior regarding the scaling features of their time series. Our analysis is based on cosmic ray observations made at four neutron monitor stations in Athens (Greece), Jung (Switzerland) and Oulu (Finland), for the period 2000 to early 2017. Each of these datasets was analyzed by using the Detrended Fluctuation Analysis (DFA) and Multifractal Detrended Fluctuation Analysis (MF-DFA) in order to investigate intrinsic properties, like self-similarity and the spectrum of singularities. The main result obtained is that the cosmic rays time series at all the neutron monitor stations exhibit positive long-range correlations (of 1/f type) with multifractal behavior. On the other hand, we try to investigate the possible existence of similar scaling features in the time series of other meteorological parameters which are closely associated with the cosmic rays, such as parameters describing physical properties of clouds.
Introduction
Cosmic rays (CR) illustrate the radiation of particles coming from stellar sources inside or, outside the solar system, consisting mainly of high energy protons (~ 89%), alpha particles (~ 10%) and other heavier cores (~ 1%). In the case, CR originate outside the solar system they are characterized as Galactic Cosmic Rays (GCRs). In this regard, high-energy astrophysical processes, such as the supernova, are believed to produce most of the GCRs traveling in the universe [1] .
When CR reach the Earth's atmosphere, then showers of muons, electrons, neutrinos, gammas, positrons, neutrons, protons, p+, K+ (i.e. secondary particles) are produced, penetrating deeper in atmosphere and, depending on their energies, reach the Earth's surface where they are monitored by ground-based detectors. The inventor of the Neutron Monitor was John A. Simpson, since 1948 [2] . In 1965 J. Simpson, along with his students and co-workers, built the first cosmic ray (energy particle) detectors to visit Mars. Simpson was one of the 12 scientists, who organised the programme of the 1957-1958 International Geophysical Year (IGY), to study cosmic rays, solar physics, and magnetospheric physics, when many stations, of the present-day worldwide network, the continuous monitoring started.
It is worth noting that neutron monitor stations, like the ones used in this study, are observing the hadronic component of the secondary CR. These measurements of secondary radiation offer an important tool for the study of primary CR as they are directly correlated with each other [3] .
Several studies presented their analytical results about the temporal evolution of CR. For example, [4] studied the temporal evolution of cosmic ray daily values based on the dataset collected by neutron monitors at different cutoff rigidities, by applying a wavelet transform tool (time scale ~60 to ~1000 days). However, this analysis did not lead to a persistent periodicity with the same amplitude for the entire period analyzed.
In this regard, [5] investigated the long-term modulation of the GCRs over the past 1150 years, using the 10 Be data recorded at Greenland and the South Pole and introducing the use of 22-year average intensity of GCR. Greenland data, due to their high temporal resolution, indicated that there were significant 11-year, and also other, fluctuations superimposed upon the high GCR intensities during the Spoerer and Maunder solar activity minima.
These findings have demonstrated the continued presence of an effective and timedependent heliomagnetic field. [5] also stressed the point that the modulation (i.e., depression) of the cosmic ray intensity during the instrumental era (1933-present) was one of the greatest in the past 1150 years. They, interpreting their results, concluded also that the long-term variations in the GCR intensity are poorly related to sunspot number during periods of low solar activity. Finally, [5] showed that there is a relatively good correlation between variations in the 10 Be data and changes in the open solar magnetic flux predicted by the [6] and [7] models, but there are significant differences among these models and 10 Be data over specific periods. In addition, [8] have recently proposed a new mechanism for geomagnetic field -GCR influence on the near tropopause ozone, notably: (i) the higher level of Pfotzer maximum (placed above the tropopause) could explain the higher density of the lower stratospheric ozone in regions with stronger geomagnetic field -due to the environmental conditions favouring activation of autocatalytic ozone production; (ii) in regions with a weaker geomagnetic field the ionisation layer (formed by GCR) is placed in the upper troposphere, whose greater humidity stimulates the activation of ozone destructive chemistry. This mechanism needs further exploration for better understanding of the ozone variability which is of great interest in both air-pollution and ozone layer depletion environmental problems and their impacts [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] .
The present study aims to study the temporal evolution of cosmic rays, along with the intrinsic self-similarity and the spectrum of singularities in their time series, using CR intensity daily values of neutron monitor stations obtained through the Neutron Monitor DataBase (NMDB) and also investigate for plausible connections with cloud parameters.
Data and Analysis
NMDB (http://www.nmdb.eu/) was founded 10 years ago under the European Union's FP7 program. It is known for its successful and continuous operation, distributing officially data of the neutron monitor stations for several applications. For the purpose of the present study the data sets of four of these stations, located at Athens (Greece), at Jung (Swiss) and at Oulu (Finland), were used (http://www.nmdb.eu/nest/).
Athens To investigate the existence of scaling dynamics in the mentioned time series, we employed the DFA2 technique, which eliminates the noise of non-stationary time series and detects their scaling features [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] .
The main idea behind DFA technique is the removal of seasonal variations and nonstationarities from a time series by dividing it into different segments of equal length, τ, and studying among segments scaling dynamics characteristics. It provides a relationship between the root mean square fluctuations Fd(τ) and the segment size τ, characterized for a power-law Fd(τ) ∝ τ α . The exponent  is the scaling exponent, which is basically a self-affinity parameter indicating the long-range power-law correlation properties of the time-series (fractal properties). The value  = 0.5 represents white noise,  < 0.5 indicates antipersistent long range correlations, and  > 0.5 characterizes persistent long range correlations. A detailed description of the DFA sequential steps is given in [34] , as well as in [35] .
Additionally, we used the Multifractal Detrended Fluctuation Analysis (MF-DFA2) in order to examine the singularity spectrum of the cosmic rays time series and to estimate the multifractality degree. The generalized MF-DFA procedure was proposed by [36] and its sequential steps are described, in details, in [36] .
The annual cycle that characterizes the cosmic rays time series was removed by using the average values of CRmean for each calendar day, which were calculated over the entire study period (2000-2017) and subtracted from the corresponding CR time series of the relevant day. On the other side, the long-term trend of CR time series was removed using the polynomial (of 6 th degree) regression analysis. The finally obtained CR time series is noted as CRnet. However, the existence of long-range correlations in the CRnet time series was established by employing the autocorrelation function and the method of the local slopes of the fluctuation functions (i.e. the two criteria proposed by [37] ).
Finally, we attempted a comparison between CRnet time series and the time series of two meteorological parameters describing physical properties of clouds, such as cloud optical thickness liquid mean and cirrus reflectance mean. Daily data of both parameters obtained from the NASA Giovanni website (http://disc.sci.gsfc.nasa.gov/giovanni) were used covering the period July 2002 to March 2017. These measurements were retrieved from the Moderate Resolution Imaging Spectroradiometer (MODIS) on the Terra research satellite (1° lat × 1° long gridded).
Discussion and Results
For the purposes of the present study the first step was to investigate the possible existence of self-similarity in the CR time series, for the periods 10/11/2000 -31/03/2017 at A.NE.MO.S and 01/01/2000 -31/03/2017 at IGYNMs, NM64NMs and OULU. The results obtained from the analysis performed in the time series of the cosmic rays data are presented for each station just below.
The case of the Athens Neutron Monitor Station
The CRnet time series at A.NE.MO.S is shown in Fig.1 (left panel), and the corresponding rootmean-square fluctuation function Fd(τ) versus time scale τ (in days), is depicted in Fig.1 (right panel).
The scaling exponent extracted from the DFA2 application on the above described time series was found  = 1.08 ± 0.01, suggesting long-range persistence (of 1/f -type). However, the establishment of the power-law long-range correlations in the CRnet time series requires the investigation of the rejection of the exponential decay of the autocorrelation function and the constancy of "local slopes" in a certain range towards the low frequencies [37] .
In more details, since the single straight line of the DFA2 plot for the CRnet time series (at A.NE.MO.S) detected in the entire range of scales (  =1.08) might be biased, we evaluated the local slopes of logFd(τ) vs. logτ (separately for two different window sizes of 15 and 20 points, which were shifted successively over all the calculated scales τ), asking for constancy in a sufficient range. To this aim, we performed Monte Carlo simulations applying the DFA2 method on 500 times series characterized by fractional Gaussian noise (with  = 1.08, sufficient constancy of local slopes and power-law scaling in the autocorrelation function for a wide range of scales) in order to calculate the local slopes-   for each of the 500 time series, at a window of 15 points that was shifted successively over all the calculated scales τ [38] .
It is worthy of note that the Kolmogorov-Smirnov [39] and Anderson-Darling [40] best fit tests showed that, for a fixed scale τ, the dataset of the derived local slopes-   obey Gaussian distribution (at 95% confidence level). As estimates of the 95% confidence bands we , with R² = 0.32) (right panel). 5 In the following, we attempted to determine a range R for the a-local slopes of the CRnet time series, based on their mean value increased and decreased by the two standard deviation sa(τ), as derived from the 500 estimated local slopes-  , i.e. R = ( Fig. 2 (left panel) , all the local slopes (after the scale logτ=1.8) lie within the borders range R, suggesting a sufficient constancy. Fig. 2 (right panel) presents the profile of the power spectral density for the CRnet time series at A.NE.MO.S, showing that the power-law fit gives higher coefficient of determination compared to the exponential fit. Thus, both criteria of [37] are satisfied and therefore the longrange correlations of power-law type for the CR time series at the Athens station are established.
Furthermore, to examine whether the aforementioned value of the DFA2-exponent (  = 1.08) is attributed to the temporal evolution of CRnet values and not from their marginal distribution, the examined time series was randomly shuffled. If the shuffled CRnet values followed the random (white) noise, then the persistence found above would not come from the data but from their temporal evolution. To this aim, we applied the Monte Carlo method, relying on 1000 repeated random samplings of the Fig. 3 (upper left panel) , the scaling behavior of Fq(τ) (i.e. slope) for all the selected positive (negative) moments q is almost the same for logτ>2 (τ > 100), but not for smaller time scales (τ < 100), where the slope of Fq(τ) increases for less positive (more negative) moments q. This behavior indicated the existence of a great degree of multifractality only for smaller time scales (τ ≤ 100), a fact that is expected as the large segments cross several local periods with both small and large fluctuations (i.e. negative and positive q, respectively) and will therefore average out their differences in magnitude [41] .
The above suggested multifractality is established in Fig. 3 (upper right panel) where the generalized Hurst exponent h(q) for the CRnet time series (at A.NE.MO.S) varies versus q values (i.e. h(q) is not independent of q), while the h(q) values which are higher than 0.5 indicate longterm persistence for the examined time series.
Moreover, the slope of h(q) for positive moments seems to be similar to that one of negative moments, a fact which is in agreement with the findings of Fig. 3 (upper left panel) .
Finally, Fig. 3 (lower left panel) presents the singularity spectrum f(n) as a function of the singularity strength n for the examined CRnet time series (see [36] ). The maximum value of f(n) corresponds to q = 0, while f(n) values on the left (right) of the maximum value correspond to positive (negative) moments q. It is apparent that f(n) fluctuates similarly on both sides of its maximum value. This fact reveals once more common features of multifractality for positive and negative q-values. , with R² = 0.993) (solid line, lower left panel).
The case of the Jung NM64 Neutron Monitor Station
Our next step was to re-apply the above described analysis to the CRnet time series at NM64NMs (see Fig. 4 , with R² = 0.99) (solid line, lower left). 8 The scaling exponent revealed from the DFA2 tool for the above described time series is almost equal to that one of the CRnet time series at Athens station, suggesting once more persistent memory (of 1/f -type). However, to establish the power-law long-range correlations for the CRnet time series (at Jung NM64NMs) we investigated again the satisfaction of the two criteria proposed by [37] . More specifically, we evaluated the local slopes of logFd(τ) vs. logτ, which belong within the range R over all the calculated scales τ, indicating once more constancy (Fig. 5, left panel) .
On the other hand, power-law fit on the profile of the power spectral density for the CRnet time series at NM64NMs, seemed to give a better coefficient of determination compared to the exponential fit (Fig. 5, right panel) . Thus, both criteria of [37] suggest again long-range correlations of power-law type for the CRnet time series at Jung station.
Regarding the spectrum of singularities for the CRnet time series, at NM64NMs, we employed again the MF-DFA2 which gave similar results with those over Athens (Fig. 6 ).
The case of the Jung IGY Neutron Monitor Station
For comparison reasons we examined the case of IGYNMs by re-applying the same analysis to the CRnet time series. The corresponding root-mean-square fluctuation functions Fd(τ) of the DFA2 technique versus time scale τ (in days) gave scaling exponent (  =1.09 ± 0.01) indicating again persistent memory (of 1/f -type). Moreover, the two criteria proposed by [37] revealed constancy of local slopes and power-law long-range correlations for the CRnet time series (at Jung IGYNMs) (see Table 1 ).
As far as the spectrum of singularities for the CRnet time series, at Jung IGYNMs, we used again the MF-DFA2 which certifying the results which were revealed at A.NE.MO.S and NM64NMs (see Table 1 ).
The case of the Oulu Neutron Monitor Station
Our last step was the case of OULU station. The application of the DFA2 technique to the CRnet time series versus time scale τ (in days) gave scaling exponent (  =1.11 ± 0.01) which denotes once more persistency (of 1/f -type). At the same time, the two criteria proposed by [37] revealed again constancy of local slopes and power-law long-range correlations for the CRnet time series (at OULU) (see Table 1 ).
Finally, the MF-DFA2 used to study the spectrum of singularities for the CRnet time series, at OULU, gave almost the same results with those ones of A.NE.MO.S, IGYNMs and NM64Nms (see Table 1 ).
Comparison between cosmic rays and cloud physical parameters
The main result obtained from the above described analysis is that the cosmic rays time series at all the neutron monitor stations exhibit positive long-range correlations (of 1/f type) with multifractal behavior. To this point, we try to investigate the possible existence of similar scaling features in the time series of cloud physical parameters which are, according to some views in literature [42] , closely associated with the cosmic rays, such as cirrus reflectance mean (CRM) and cloud optical thickness liquid mean (COTLM). Daily data of both parameters were used covering the period July 2002 to March 2017, for the area of Athens.
Our first step was to apply the non-parametric Spearman's rank test to determine the correlation coefficient rs between CR values (at A.NE.MO.S) and CRM values as well as between CR values (at A.NE.MO.S) and COTLM values. For the first case, the extracted coefficient was rs = -0.016 suggesting thus that the hypothesis Ho: rs = 0 vs H1: rs ≠ 0 might be accepted at 95% confidence level (its significance was tested using the t-test). Similarly, for the second case, the derived coefficient was rs = -0.03 indicating a very week anti-correlation at 95% confidence level, while the hypothesis Ho might be accepted at 99% confidence level.
Our next step was to apply the above mentioned scaling analysis on the time series of both cloud physical parameters CRM and COTLM. Table 2 shows the extracted DFA2 exponents (  =0.56 ± 0.01 for CRM and  =0.59 ± 0.01 for COTLM) which denote week persistent memory (but not of 1/f -type). Moreover, the two criteria proposed by [37] revealed constancy of local slopes for both time series and marginal rejection of the exponential fit only for the COTLM power spectral density (see Table 2 ). As far as the spectrum of singularities for the COTLM and CRM time series, we used again the MF-DFA2 technique which gave a little different results from those ones of CRnet time series at A.NE.MO.S (see Table 2 ). In more details, scaling behavior of Fq(τ) for all the selected positive (negative) moments q is almost the same for τ > 100, but not for smaller time scales τ < 100, where the slope of Fq(τ) increases for less positive (more negative) moments q (indicating multifractality for smaller time scales). Also, h(q) values are higher than 0.5 suggesting long-term persistence. However, the slope of h(q) for positive moments seems to be a little different from that one of negative moments, as well as the maximum value of f(n) corresponds to q = 8 and f(n) doesn't fluctuate similarly on the two sides of its maximum value. This fact reveals different features of multifractality for positive and negative q-values. These findings seem to agree with [43] where, rejecting the suggestion of [42] , claim that the observed changes in COTLM are not causally related with cosmic rays variations.
Conclusions
We investigated the intrinsic self-similarity and the spectrum of singularities of cosmic rays time series at four stations, A.NE.MO.S, IGYNMs, NM64Nms and OULU, for the period 2000-2017. The technique employed was DFA2 and MF-DFA2. The main conclusion obtained is that cosmic rays temporal evolution exhibits positive long-range correlations of 1/f type and multifractal behavior, which were detected at all monitoring stations.
In particular, the application of MF-DFA2 technique showed a great degree of multifractality only for smaller time scales (s ≤ 100), which is expected as the large segments cross several local periods with both small and large fluctuations (i.e. negative and positive q, respectively) and will therefore average out their differences in magnitude. However, common features of multifractality were revealed for both positive and negative q-values.
In the following, we compared CRnet time series at A.NE.MO.S with the time series of two cloud physical parameters, without however detecting any significant correlation. From the other hand, studying their scaling properties, a week persistent memory (but not of 1/f -type) was derived for both COTLM and CRM time series and MF-DFA2 revealed different features of multifractality for positive and negative q-values for each cloud parameter.
The results obtained may enhance the fidelity of the sophisticated models not only for the dynamics of the cosmic rays, but also to the study of geophysical and solar parameters that are closely associated with cosmic rays [44] [45] [46] [47] [48] . For example the above-mentioned results might give more information about the claimed difference in the solar activity evolution during odd and even solar activity cycles [49] .
In addition, the results obtained confirm that NM stations' specifications like their geographical location and effective vertical cutoff rigidity do not affect intrinsic properties of the recorded data like self-similarity and spectrum of singularities. Based on this conclusion, we can argue that for such a kind of statistical study of the CR time series the use of a data set originating from a particular station can lead to conclusions expressing the overall intrinsic characteristics of CR.
